














A b s t r a c t
In the paper, critical impeller speeds were analyzed on the basis of the performed simulations 
of  the  concentration  distribution  of  the  floating  particles  suspension  in  an  agitated  vessel, 
equipped with pitched blade turbine. The required range of the standard deviation of the local 
particles  concentration  in  a  suspension  was  assumed  as  comparative  criterion.  The  results 
obtained from numerical computations were compared with the values of the critical impeller 
speeds determined experimentally.
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example,  in  food  processing  fermentation  or  wastewater  treatment.  Solid  particles  less 
dense than the liquid will float onto the liquid surface when such solid–liquid system will 




particles  concentration  for  solid–liquid  system with floating particles were  carried out by 
Murthy et al. [10], Cekinski et al. [11] and Tamburini et al. [13]
The aim of the study presented in this paper was to evaluate critical impeller speed on 
the  basis  of  the  performed  simulations  of  the  concentration  distributions  of  the  floating 
particles  suspension  in  an  agitated  vessel.  Assuming  required  level  of  the  standard 
deviation s  of  the  particle  concentration  as  comparative  criterion,  values  of  the  impeller 
speeds were analyzed.
2. Range of numerical simulations








Distilled  water  was  used  as  liquid  phase.  Particles  of  polyethylene  with  density 
rp  =  952  kg/m
3  and  average  diameter dp  =  0.0038 m were  applied  as  solid  phase. Three 
different mean  concentrations  x
m
  of  the  particles  in  a  suspension,  equal  to  1.042  ×  10‒2; 





was  checked  out  in  previous  studies  [15]. Shear Stress Transport  turbulence model with 
automatic wall  function was used. This  turbulence model  contains blending  functions  for 
k ‒  e and k ‒ w  turbulence models.  For  simulations  refer  to  1%  particles  concentration, 
Particle model with drag force equation proposed by Wen and Yu [17] was taken into account, 
whereas Gidaspow drag force model [17] was used in case of simulations concerning 5% 




particles  concentration  x  as  a  function  of  the  dimensionless  axial  z/H  and  radial  r/R 
(where R  = D/2)  coordinates were  determined  for  different  values  of  the  impeller  speed 




of  the  normalized  radial  coordinate  r/R  equal  to:  0.34  (region  located  the  nearest  blades 













and range of  the axial coordinate z/H < 0.95. The x/xm values  reach unit within  the  range 
z/H ∈  (0.5; 0.95)  for  the dimensionless  radial coordinate r/R = 0.51  (Fig. 2b),  as well  as 
within the range z/H ∈ (0.35; 0.95) for the r/R = 0.73 (Fig. 2c). Axial extension of the zones 
with  the values x/xm higher  than one for  the concentrations profiles shown in Figs. 2a, 2b 
and 2c is caused by fluid circulation imposed by up-pumping pitched blade turbine. In this 
case, fluid stream more intensively surrounds vessel wall than impeller shaft.
Radial  distributions  of  the  dimensionless  particles  concentration  x/xm  for  a  given 
level  of  the  dimensionless  axial  coordinate  z/H  =  const  and mean particles  concentration 
Xm = 5% mass. are shown in Fig. 3. Level of the z/H = 0.33 corresponds to the zone below 
the  impeller  and  it  is  located  relatively  close  to  the  vessel  bottom  (Fig.  3a),  level  of  the 
z/H = 0.5 is ascribed to the middle of the liquid height in the vessel (Fig. 3b) and z/H = 0.67 
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corresponds  to  the  off-bottom  clearance  of  the  impeller  (Fig.  3c).  For  the  z/H  =  0.33, 
local  homogeneity  of  the  suspension  equal  to mean  concentration  of  the  particles  in  the 
vessel  is  reached  for  the  radial  coordinate  r/R  somewhat  higher  than  0.75  (Fig.  3a). The 
x/xm  values  rapidly  increase  up  to  x/xm ≈  2 within  the  range  of  r/R ∈  (0.75;  1)  and  they 
softly change from one to zero within the range of r/R ∈ (0.75; 0). For the axial coordinate 
z/H = 0.5,  the point  for which x/xm = 1  is described by  radial  coordinate r/R  equal  about 
of  0.65  (Fig.  3b). Therefore,  relocation  of  the  point x/xm  =  1  is  observed  at  the  direction 
of the smaller values of the r/R coordinate with the increase of the z/H coordinate. For the 
z/H   = 0.5,  lower differences between  the highest values x/x
m
 in both zones described by 
means of the r/R intervals, i.e. r/R ∈ (0; 0.65) and r/R ∈ (0.65; 1) are observed (Fig. 3b). 
As Fig. 3c shows, profiles of x/xm = f (r/R) for the level of the impeller location (z/H = 0.67) 










of the axial coordinate z/H are considered within the range z/H ∈ <3.39 × 10‒2; 0.97>.


























  equal  to  1%,  5%  and  10% mass.  For  a  given Xm  value, s  values were  calculated  for 
the  experimentally  determined  [5‒7],  critical  impeller  speed n
JD







standard deviation σ  decreases  with  the  increase  of  the  impeller  speed  n.  The s  values 







Fig.  2.  Axial  profiles  x/xm  =  f (z/H) 
for  different  impeller  speeds  n 
and  mean  concentration  of  the 
particles  Xm =  5%  mass.;  (where 
x, xm  ‒  particles  concentration 
in  vol.  fraction);  a)  r/R  =  0.34; 
b) r/R = 0.51; c) r/R = 0.73
Fig.  3.  Radial  profiles  x/x
m
  =  f (r/R) 
for  different  impeller  speeds  n 
and  mean  concentration  of  the 
particles  X
m 
=  5%  mass.;  (where 
x, xm  ‒ particles  concentration 







Dependences  of  the  standard  deviation  σ  on  the  impeller  speed  n  are  compared 






















z/H  =  0.33  is  located  at  near  distance  from  the  vessel  bottom  and  far  from  the  impeller, 
therefore, agitation in this region is less intensive and particles are weakly dispersed in the 
liquid compared to  the  impeller zone (z/H = 0.67). Values of  the standard deviation s  for 
the impeller zone (Fig. 5b) are smaller than those for the level z/H = 0.33 (Fig. 5a).
T a b l e  1
Values of the standard deviation σ for the particles concentration along the vertical 
lines z/H located at the distance r/R; mean particles concentration Xm = 5% mass.; 































1 0.34 1.23 0.75 0.66 0.69 0.70 0.67 0.64 0.62 0.60 0.56 0.45
2 0.51 0.98 0.72 0.64 0.65 0.65 0.60 0.56 0.53 0.49 0.49 0.53
3 0.73 2.38 0.77 0.59 0.61 0.65 0.65 0.63 0.63 0.62 0.61 0.68
4 0.99 2.99 1.13 0.62 0.56 0.55 0.52 0.49 0.48 0.46 0.44 0.32
In Figs. 6 and 7, the dependences s = f (n) are compared for different values of the mean 
concentration Xm  (% mass.)  of  the  particles.  Fig.  6  illustrates  the  values  of  the  standard 





Ta b l e  2
Values of the standard deviation σ for the particles concentration along the horizontal 
lines r/R located at the level z/H; mean particles concentration Xm = 5% mass.; 































1 0.03 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.98 0.97 0.96
2 0.18 1.00 1.00 0.86 0.91 0.92 0.89 0.88 0.85 0.82 0.79 0.57
3 0.33 1.00 0.97 0.79 0.81 0.82 0.77 0.71 0.68 0.66 0.56 0.64
4 0.50 1.00 0.85 0.59 0.61 0.63 0.59 0.58 0.57 0.58 0.49 0.54
5 0.67 0.95 0.68 0.52 0.50 0.50 0.50 0.51 0.53 0.53 0.54 0.61
6 0.82 0.92 0.68 0.55 0.54 0.54 0.55 0.57 0.59 0.57 0.59 0.78
7 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Fig.  4.  The  dependence  s  =  f (n)  for 
different  values  of  the  mean 
concentration Xm  =  1;  5;  10% 
mass.; a) r/R = 0.51; b) r/R = 0.73
Fig.  5.  The  dependence  s  =  f (n)  for 
different  values  of  the  mean 
concentration Xm  =  1;  5;  10% 
mass.; a) z/H = 0.33; b) z/H = 0.67
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Fig.  6.  The  dependence  s  =  f (n)  for 
different  values  of  the  r/R 
coordinate  and  a  given  value 
of  mean  concentration  X
m
; 
a)  Xm  =  1%  mass.;  b)  Xm  =  5% 
mass.; c) Xm = 10% mass.
Fig.  7.  The  dependence  s  =  f (n)  for 
different  values  of  the  z/H 
coordinate  and  a  given  value 
of  mean  concentration  Xm; 
a)  Xm  =  1%  mass.;  b)  Xm  =  5% 
mass.; c) Xm = 10% mass.
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In  case  of  the  particles  concentration  equal  to  1%  (Fig.  6a),  higher  homogeneity  of 
the suspension corresponds to the level of the radial coordinate r/R = 0.73 (smaller values 
















2.  Standard  deviation  criterion  s  constitutes  useful  measure  to  determine  suspension 
homogeneity in the volume of the agitated vessel.
3.  Values  of  the  standard  deviation s  decrease  with  the  increase  of  the  impeller  speeds 
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